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ABSTRACT
Context. The Galilean satellites are thought to have formed from a circumplanetary disk (CPD) surrounding Jupiter. When it reached
a critical mass, Jupiter opened an annular gap in the solar protoplanetary disk (PPD) that might have exposed the CPD to radiation
from the young Sun or from the stellar cluster in which the Solar System formed.
Aims. We investigate the radiation field to which the Jovian CPD was exposed during the process of satellite formation. The resulting
photoevaporation of the CPD is studied in this context to constrain possible formation scenarios for the Galilean satellites and explain
architectural features of the Galilean system.
Methods. We constructed a model for the stellar birth cluster to determine the intracluster far-ultraviolet (FUV) radiation field. We
employed analytical annular gap profiles informed by hydrodynamical simulations to investigate a range of plausible geometries for
the Jovian gap. We used the radiation thermochemical code ProDiMo to evaluate the incident radiation field in the Jovian gap and the
photoevaporation of an embedded 2D axisymmetric CPD.
Results. We derive the time-dependent intracluster FUV radiation field for the solar birth cluster over 10 Myr. We find that intracluster
photoevaporation can cause significant truncation of the Jovian CPD. We determine steady-state truncation radii for possible CPDs,
finding that the outer radius is proportional to the accretion rate M˙0.4. For CPD accretion rates M˙ < 10−12M yr−1, photoevaporative
truncation explains the lack of additional satellites outside the orbit of Callisto. For CPDs of mass MCPD < 10−6.2M , photoevaporation
can disperse the disk before Callisto is able to migrate into the Laplace resonance. This explains why Callisto is the only massive
satellite that is excluded from the resonance.
Key words. Planets and satellites: formation – Planets and satellites: individual: Jupiter – Methods: numerical
1. Introduction
We consider the question whether the Galilean moon system
is representative of satellite systems of extrasolar giant planets.
The Galilean satellites were formed in a Jovian circumplanetary
disk (CPD) (Lunine & Stevenson 1982; Canup & Ward 2002;
Mosqueira & Estrada 2003a) near the end of the formation of
Jupiter (Cilibrasi et al. 2018). While direct detection of extra-
solar Galilean analogs has thus far been unsuccessful (Teachey
et al. 2018), several candidate moon-forming CPDs have been
identified. The most robust CPD detections are associated with
the PDS 70 system; the 5.4 ± 1 Myr old system contains two
accreting planets at 23 and 35 au within a cavity (Wagner et al.
2018; Müller et al. 2018; Haffert et al. 2019). The inner planet
PDS 70b has been detected in near-infrared photometry with
an inferred mass of 5-9 MJ (Keppler et al. 2018) and a derived
upper limit on circumplanetary dust mass lower than ∼0.01M⊕
(Keppler et al. 2019). K-band observations with VLT/SINFONI
found a planetary spectral energy distribution (SED) best ex-
plained by the presence of a CPD (Christiaens et al. 2019).
Observations with ALMA at 855 µm found continuum emis-
sion associated with a CPD around PDS 70c, with a dust mass
2 × 10−3 − 4.2 × 10−3M⊕ and an additional submillimeter point
source spatially coincident but still offset from PDS 70b (Isella
et al. 2019). Additional CPD candidates have been identified in
a wide-orbit around CS Cha (Ginski et al. 2018), around MWC
758 (Reggiani et al. 2018), and in the inner cavity of the transi-
tional disk of HD 169142 (Reggiani et al. 2014). Because po-
tentially habitable exomoons may outnumber small terrestrial
worlds in their respective habitable zones, the prevalence of mas-
sive satellites is a question of pertinent astrobiological interest
(Heller et al. 2014).
The core-accretion model suggests that when the core of
Jupiter reached a mass of 5-20 M⊕ it began a process of run-
away gas accretion (Pollack et al. 1996; Mordasini 2013), re-
quiring that it formed prior to the dispersal of the gas component
of the protoplanetary disk and thus within ∼10 Myr of the forma-
tion of the Solar System (Haisch et al. 2001). Gravitational in-
teraction between Jupiter and the circumstellar disk possibly re-
sulted in the rapid opening of an annular gap (Lin & Papaloizou
1986, 1993; Edgar et al. 2007; Sasaki et al. 2010; Morbidelli &
Nesvorny 2012) in which the surface density was reduced rel-
ative to the surrounding protoplanetary disk (PPD) by a factor
∼ 102 − 104 (Kley 1999; Szulágyi 2017). The timescale of the
gap opening has been constrained by isotopic analysis of iron
meteorites, which suggests that two distinct nebular reservoirs
existed within the solar PPD, where the Jupiter gap acted to par-
tially isolate the two reservoirs (Lambrechts et al. 2014; Kruijer
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et al. 2017). In this case, the Jupiter core reached a mass of 20
M⊕ within <1 Myr and then grew to 50 M⊕ over 3-4 Myr, which
is more slowly than predicted in the classical core-accretion sce-
nario (Kruijer et al. 2017).
The accretion of gas onto Jupiter most likely led to the for-
mation of a circumplanetary disk (Machida et al. 2008). The pre-
cise characteristics of the circumplanetary disk are still unclear,
and several competing models are still considered. One possibil-
ity is a massive (∼ 10−5M) static disk of low viscosity, which
either initially contained or was later enriched by sufficient solid
material to form the Galilean satellites (Lunine & Stevenson
1982; Mosqueira & Estrada 2003a; Moraes et al. 2018). Alter-
natively, a family of accretion disk models has been postulated,
in which the disks were fed by the continuous inflow of material
from the surrounding PPD (Canup & Ward 2002; Alibert et al.
2005; Canup & Ward 2006, 2009). Even after the formation of
a low-density annular gap, PPD material is expected to continue
to flow across the gap and onto the planet and its CPD (Lubow
& D’Angelo 2006). Population synthesis models suggest that an
accretion disk can successfully produce a Galilean-like retinue
of satellites (Sasaki et al. 2010; Cilibrasi et al. 2018). After an
optically thin gap is opened, solar photons may scatter onto the
CPD or may impinge directly from interstellar space.
When a gaseous disk is exposed to an external UV radiation
field as is present within a stellar cluster, a thin surface layer of
gas can be heated such that the local sound speed of gas exceeds
the gravitational escape velocity and the gas becomes unbound.
This launches a thermal wind of escaping gas and entrained dust
from the disk surface and outer edge (Hollenbach et al. 1994;
Richling & Yorke 2000). If the mass-loss rate caused by the pho-
toevaporative flow is greater than the radial mass transport by
viscous evolution, the disk can become truncated (Clarke 2007).
Photons of energy 6 < hν < 13.6 eV are known as far-ultraviolet
(FUV) photons and are expected to dominate photoevaporation
in moderately sized clusters (Adams et al. 2004).
If the exposed Jovian CPD is depleted of volatiles or dis-
rupted by photoevaporative processes prior to the formation of
the Galilean satellites, it must afterward be enhanced in volatiles
by a dust- or planetesimal-capturing process, or by continued
mass accretion across the gap to explain the satellite composi-
tions (Lubow et al. 1999; Canup & Ward 2006; Mosqueira et al.
2010; Ronnet et al. 2018). While it is possible that satellite for-
mation terminated prior to the stage of the Jovian gap opening
(Sasaki et al. 2010), we consider models where the formation of
the (final generation of) satellites occurs after the gap opening,
in the case of either an optically thick massive and static disk or
of a slow-inflow accretion disk (Lubow et al. 1999; Kley 1999;
Canup & Ward 2002; Ronnet et al. 2018).
Several lines of evidence suggest that the Sun was
formed in a stellar cluster (Adams 2010) with a virial radius
rvir = 0.75 ± 0.25 pc and number of stars N = 2500±300 (Porte-
gies Zwart 2019). The short-lived radio-isotope (SLR) 26Al in
meteorites may have been produced by the enrichment of the
solar PPD by winds from a nearby massive Wolf-Rayet star
(Lee et al. 1976; Tang & Dauphas 2012; Portegies Zwart 2019).
The truncation of the mass distribution in the Solar System be-
yond 45 au may have been caused by close stellar encounters
in the birth cluster, UV-driven photoevaporation by nearby mas-
sive stars, or ram-pressure stripping by a supernova blast wave
(Adams et al. 2004; Portegies Zwart 2009; Adams 2010). The
cluster was likely an OB association in which a close stellar
encounter occurred within 2 Myr and the probability of fur-
ther close encounters became negligible after 5 Myr (Pfalzner
2013). The Solar System was therefore likely bathed in an in-
tense FUV radiation field while Jupiter was forming. The cluster
would eventually have dispersed within some 10 to 100 million
years (Hartmann et al. 2001).
The radiation environment inside the gap and around the cir-
cumjovian disk has been studied previously. Turner et al. (2012)
used a Monte Carlo radiative transfer method to study the in-
tragap radiation produced by a 10 L star at time t = 0.3 Myr,
motivated by the very rapid gap opening of a Jupiter formed in
the gravitational instability scenario. Hydrostatic disk flaring in
the gap exterior results in an illuminated outer edge of the gap
that absorbs stellar radiation and reradiates it into gap, resulting
in a hot (> 150 K) gap that is inconsistent with an early forma-
tion of satellites (Durisen et al. 2007). Photoevaporation of the
circumjovian disk has also been considered analytically in the
context of a fixed CPD surface temperature (Mitchell & Stew-
art 2011). In a 1D simulation that considered viscous evolution,
accretion, and photoevaporation of the CPD, Mitchell & Stew-
art (2011) found that the CPD is radiatively truncated to a frac-
tion of the Hill radius 0.16 rH, in contrast to tidal forces, which
have been suggested to truncate the CPD to 0.4 rH (Martin &
Lubow 2011b). The young Sun had an excess X-ray and UV flux
102−104 times greater than at the present day (Zahnle & Walker
1982; Feigelson et al. 2002; Preibisch et al. 2005; Ribas et al.
2005). A rapid migration of Jupiter and its disk to 1.5 au during
a possible ‘Grand Tack’ scenario (Walsh et al. 2011) results in a
sufficiently high solar irradiation to sublimate the CPD volatile
reservoir, implying that the formation of Ganymede and Callisto
occurred prior to any inward migration (Heller et al. 2015).
Several characteristics of the Galilean satellite system re-
main to be explained. Callisto is the only Galilean satellite that
does not lie within the Laplace resonance, and no additional reg-
ular satellites exist beyond the orbit of Callisto. This might be
indicative of an event that abruptly removed the gas content of
the CPD to prevent further gas-driven migration by Callisto and
to prevent the in situ formation of additional satellites at radii be-
yond 30 RJ. Previously, a rapid dispersal of the Jovian CPD has
been invoked to explain the difference in the architectures be-
tween the Jovian and Saturnian regular satellite systems (Sasaki
et al. 2010). We aim to improve our understanding of the for-
mation of the Galilean satellites by modeling CPD truncation
in the presence of external, and in particular, intracluster, FUV
radiation. As a first application, we explore in this paper the con-
ditions under which photoevaporation might explain the lack of
massive satellites outside the orbit of Callisto and how it might
have prevented Callisto from entering the Laplace resonance.
2. Methods
To capture the relevant physics of cluster-driven circumplane-
tary disk photoevaporation across nine orders of magnitude in
spatial scale (from tens of Jovian radii to several parsecs) and
four orders of magnitude in temporal resolution (from 1 kyr
to 10 Myr) we model the evolution of the stellar cluster, Solar
System, and Jovian circumplanetary disk independently. The
general method of this approach is thus outlined in three parts.
A diagram illustrating the systems modeled is shown in Fig. 1.
1) In Sect. 2.1 we simulate the evolution of an analog to
the Sun-forming stellar cluster to determine the time-varying
FUV radiation field to which the Sun-like cluster stars are
exposed over a typical PPD lifetime of ∼ 10 Myr (Pascucci &
Tachibana 2010). Each cluster star is sampled from a Kroupa
initial mass function (IMF) (Kroupa 2002) , and a stellar FUV
luminosity corresponding to its mass is calculated. Because
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Fig. 1: Illustration of the systems we modeled. The solar birth
cluster n-body provides the background radiation field for the
solar protoplanetary disk in the model. The protoplanetary disk
model is used to determine the fraction of radiation incident on
the circumplanetary disk. Mass in- and outflow to the CPD is
calculated to derive steady-state truncation radii.
the precise location of the Solar System inside the birth cluster
is not known, we consider the radiation field incident on all
cluster stars. This allows us to study 2500 Jovian CPD analogs
simultaneously and to investigate the resulting distribution of
incident FUV radiation fields as a function of time and stellar
mass.
2) In Sect. 2.2 we construct a radiation thermochemical
disk model of the protoplanetary disk of the Sun and introduce
an annular gap of width 1-2 au in the surface density profile
to investigate the penetration of the stellar and interstellar
FUV radiation of the disk midplane and quantify the intragap
radiation field.
3) In Sect. 2.3 the derived intragap radiation field is then
applied as a background to a grid of disk models representing
plausible Jovian CPDs. The resulting gas temperature structure
and photoevaporative mass loss of the CPD are studied as a
function of time. The truncation radii of the CPDs are calculated,
and the evolution of the outer radius as a function of decreasing
mass accretion is studied.
2.1. Interstellar radiation field and cluster environment
To determine the UV radiation field that an arbitrary cluster star
is exposed to, we created a model of the solar birth environ-
ment. For the mass distribution of the cluster, we adopted a sim-
ple Plummer sphere (Plummer 1911) and initialized it into virial
equilibrium. The cluster was given a number of stars N = 2500
and a virial radius 0.75 pc (Portegies Zwart 2019). The spatial
distribution, mass, and temperature of the cluster stars are shown
in Fig. 2. We sampled the stellar masses from the Kroupa IMF
(Kroupa 2002) with a lower mass limit of 0.08 M and an upper
mass of 150 M (Weidner & Kroupa 2006). An arbitrary resam-
pling of 2500 stars from the Kroupa IMF resulted on average
in 2.9±1.5 stars of mass greater than 20 M in the cluster that
dominate the cluster FUV emission. The resulting cluster mass
is typically ∼ 1000 M. The cluster simulation was then inte-
grated over 10 Myr using the REBOUND n-body code (Rein &
Liu 2012).
In our disk modeling code ProDiMo (described in Sect. 2.2),
the intensity of the external UV radiation field is parameterized
by the so-called unit Draine field, χ, which is defined as
χ =
∫ 91.2nm
205nm λuλdλ∫ 91.2nm
205nm λu
Draine
λ dλ
, (1)
where λuλ is the spectral flux density, and λuDraineλ is the UV
spectral flux density of the ISM (Draine 1978; Röllig et al.
2007; Woitke et al. 2009). For χ = 1, the dimensionless Habing
unit of energy density G0 ≈ 1.71 , and when it is inte-
grated from 6-13.6 eV, G0 = 1 corresponds to a UV flux
FUV = 1.6 × 10−3 erg s−1 cm−2 (Draine & Bertoldi 1996). In the
radiative transfer, the external FUV radiation field is approxi-
mated as the sum of an isotropic diluted blackbody (20000 K)
and the cosmic microwave backgroun (CMB) (2.7 K),
Iν = χ1.71WdilBν(20000K) + Bν(2.7K), (2)
where Wdil = 9.85357×10−17 is the normalization factor
for χ = 1 (Woitke et al. 2009). The integration boundaries
bracket radiation intensities that drive important photoionization
and photodissociation processes in protoplanetary disks (van
Dishoeck et al. 2006). The upper integral boundary of 91.2 nm is
the Lyman limit. In ProDiMo, χ is a free parameter. We can thus
investigate the exposure of the CPD to variable FUV flux levels
derived from the stellar cluster model.
Each star in the cluster was taken to be an ideal blackbody
with a luminosity determined by the mass-luminosity relation
L ∝ M3.5. We derived the stellar temperature and computed
the resulting Planck function (Salaris & Cassisi 2005). We in-
tegrated the Planck function over the FUV wavelength range
specified in Eq. 2 to determine the photospheric FUV luminos-
ity per star. T Tauri stars exhibit FUV excess in part because of
strong Lyα (10.2 eV) emission, which can contribute ∼ 90% of
the FUV flux (Ribas et al. 2005; Schindhelm et al. 2012). We
therefore applied a correction factor to our T Tauri cluster stars
(M∗ < 8 M) by scaling the UV luminosity relative to the bolo-
metric luminosity Lbol to satisfy LUV ∼ 10−2.75±0.65Lbol for clas-
sical T Tauris (Yang et al. 2012). To reflect the large scatter in
this relation, we drew 2500 samples from a normal distribution
with standard deviation of the quoted uncertainty and applied to
the cluster stars. The combined effect over the cluster is a FUV
luminosity increase by a factor ∼ 60.
We then calculated for each star within the cluster the re-
sulting incident FUV flux that originated from all others cluster
stars for each time step. The behavior of the photoevaporative
mass-loss rates described in Sect. 2.3 was then determined as a
function of the time-variable FUV intra-cluster radiation field.
We also considered that the CPDs are partially shielded by the
surrounding disk material exterior to the gap and that the inter-
stellar FUV flux must be reduced by a fraction corresponding to
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Fig. 2: Projected x-y plane distribution of stars in the solar birth
cluster at t = 5 Myr. Marker size and color indicate stellar mass.
Trajectories of stars with mass corresponding to G-type stars are
traced for 5 Myr.
this opening angle. We here considered six surface density pro-
files to represent the disk evolution as a function of time. The
profiles are shown in Fig. 3.
Two phenomena act to reduce flux incident on the CPD. The
first is shielding from the surrounding protoplanetary disk ma-
terial external to the gap. The second is the orientation of the
system relative to the primary source of FUV radiation, which
are the B stars in the cluster central region. Because we did not
monitor the inclination of the PPDs during the cluster simula-
tion, we averaged over all possible disk inclinations to account
for the projected area and shielding from the PPD.
For each profile we measured the opening angle over which
the planet has an optically thin line of sight to the exterior.
We find visual extinction AV < 1 opening angles for the six
profiles in Fig. 3. These correspond to shielding of isotropic
incident flux by a factor 0.5, 0.33, and 0.2 for t = 1 Myr,
α = 10−3, 10−4, and 10−5 , respectively, and 0.12, 0.06, and
0.03 for t = 5 Myr, α = 10−3, 10−4, and 10−5 , respectively. We
smoothly interpolated this shielding factor from the maximum to
the minimum for the assumed α-viscosities over the first 5 Myr
of the simulation to represent the evolution of the disk surface
density. The effective projected area of a disk averaged across
all possible orientations in three dimensions is half of its true
area. At t = 1 Myr, the flux incident on the CPDs is thus diluted
by a factor 4 at most, independently of extinction of normally
incident rays. When instantaneous snapshots of the FUV flux
distribution were extracted (as in Fig. 4), we convolved a ran-
dom distribution of disk inclinations with the flux distribution to
compensate for the effect of the averaged incidence angle.
Because the cluster includes short-lived massive
(M > 20 M) stars that contribute to the total cluster FUV
luminosity, it is worthwhile to discuss the possibility and
implication of supernovae explosions that might occur within
the cluster. While a supernova in the vicinity of the Sun may
be required to explain r-process anomalies in Ca-Al inclusions,
such an event would have occurred during the earliest formation
stages of the Solar System (Brennecka et al. 2013) and it is
therefore not relevant for the satellite formation process of
Jupiter. However, the lifetime of massive stars greater than
20 M is ≤ 8 Myr (Schaller et al. 1992), and it is therefore
possible that other stars ended their main-sequence lifetime
during the 10 Myr time span considered in our simulation.
We find that when we populate our model cluster by sampling
stellar masses from the Kroupa IMF, the population of stars of
M > 20 M typically contribute ∼ 75% of the integrated cluster
FUV luminosity, with the individual massive stars contributing
∼ 25% each to the total cluster FUV. The effect of the satellite
formation process is thus contingent on whether the most mas-
sive stars formed early or late in the stellar formation history of
the cluster. In clusters of 103 −104 members, the majority of star
formation is expected to occur contemporaneously; in Orion, it
is estimated that 53% of cluster stars formed within the last 1
Myr and 97% within the last 5 Myr (Palla & Stahler 2000). The
apparent ejection of several high-mass stars from Orion 2.5 Myr
ago and the current ongoing massive star formation implies
that both early and late formation of massive stars are possible
(Hoogerwerf et al. 2001; Beuther et al. 2007). We expect
satellite formation to have occurred no earlier than 4 Myr after
the formation of the Ca-Al inclusions to satisfy the constraint of
the internal differentiation state of Callisto and no later than the
dispersal of the gas component of the solar PPD after ∼ 5 Myr
(Canup & Ward 2002; Barr & Canup 2008; Mamajek 2009). If
the massive star formation rate is independent of the cluster age
and the overall star formation rate accelerates, as observed in
Orion, there is a 90-95% probability that a 20 M star will not
explode prior to the stage of satellite formation.
In the eventual case of one or more supernovae, we expect
an abrupt reduction in cluster FUV luminosity by 25-75%. By
resampling from our adopted IMF and reinitializing the initial
positions of cluster members, we find that a cluster with 70%
lower FUV flux than our fiducial case is still 1σ consistent with
the resulting spread in cluster FUV luminosities. While the So-
lar System might be ram-pressure stripped by supernovae explo-
sions (Portegies Zwart et al. 2018), the CPD is an actively sup-
plied accretion disk whose mass and steady-state radius depend
on the accretion rate, and we therefore expect CPDs to rebound
to steady state within some 103 yr after accretion is resumed.
2.2. Disk modeling with ProDiMo
We used the radiation thermochemical disk model ProDiMo 1
(protoplanetary disk model) to simulate the solar nebula at the
stage before the gap opening of Jupiter (Woitke et al. 2009;
Kamp et al. 2010; Thi et al. 2011). ProDiMo calculates the
thermochemical structure of disks using a frequency-dependent
2D dust continuum radiative transfer, gas-phase and photochem-
istry, ice formation, and nonlocal thermal equilibrium (NLTE)
heating and cooling mechanisms to self-consistently and iter-
atively determine the physical, chemical, and radiative condi-
tions within a disk. ProDiMo performs a full 2D ray-based
wavelength-dependent continuum radiative transfer at every grid
point in the disk to calculate the local continuous radiation field
Jν(r, z) (Woitke et al. 2009). Rays are traced backward from each
grid point along their direction of propagation while the radiative
transfer equation is solved assuming LTE and coherent isotropic
scattering. For a full description of the radiative transfer method,
see Woitke et al. (2009). We adopted the standard DIANA dust
opacities 2 for a mixture of amorphous silicates, amorphous car-
bon, and vacuum (Woitke et al. 2016; Min et al. 2016).
1 https://www.astro.rug.nl/ prodimo/
2 https://dianaproject.wp.st-andrews.ac.uk/data-results-
downloads/fortran-package/
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2.2.1. Solar protoplanetary disk
To construct our protosolar nebula, we used a modified Hayashi
minimum mass Solar nebula (MMSN) surface density profile
(Hayashi 1981) combined with an analytical gap structure ap-
proximation based on a generalized normal (Subbotin) distribu-
tion, with a characteristic flat bottom and Gaussian wings (Sub-
botin 1923). The unperturbed surface density Σ at a radius r is
thus described by
Σ(r) = Σ1au
( r
1 au
)−3/2
g cm−2, (3)
where Σ1au is the surface density at r = 1 au, and the gap structure
G at a radius r is defined by
G(r) = X
a
2bΓ( 1a )
exp
(
−
∣∣∣∣∣ r − rpb
∣∣∣∣∣a) , (4)
where b is the standard deviation of the Gaussian component of
the gap, rp is the radial location of the gap-opening planet, a is
a shape parameter, Γ is the gamma function, and the gap depth
is controlled by a normalization function X that scales the gap
depth relative to the unperturbed surface density profile. The fi-
nal perturbed surface density profile is thus defined as Σ(r) ·G(r),
with a total mass of 0.02 M out to 100 au for a surface density at
1 au Σ1au of 1700 g cm−2 and a shape parameter a = 8. The semi-
major axis of Jupiter at the stage of gap opening is poorly con-
strained because Jupiter may have migrated to its present loca-
tion by gravitational interaction, with the protosolar nebula lead-
ing to short periods of dynamical instability (Tsiganis et al. 2005;
Walsh et al. 2011). To make as few assumptions as possible, we
therefore placed Jupiter at its current location of rp = 5.2 au.
Our gap dimensions are informed by the analytical gap-scaling
relation derived from hydrodynamical simulations of Kanagawa
et al. (2016) for Jupiter-mass planets where the intragap min-
imum surface density Σgap and unperturbed surface density Σ0
are related by Σgap/Σ0 = (1+0.04 K)−1 , with K defined as
K =
(Mp
M∗
)2(Hp
rp
)−5
α−1. (5)
Here Hp is the disk scale height at the radial location of the
planet rp, and α is the viscosity. To determine Hp/rp , we first
ran a single ProDiMo model of the unperturbed solar nebula.
The heating-cooling balance of the disk was iteratively calcu-
lated until the disk structure converged to a vertical hydrostatic
equilibrium, from which we extracted the radial scale height pro-
file. Similarly, we employed the formula for the gap width at
half-depth of Kanagawa et al. (2016), where
∆gap
rp
= 0.41
(Mp
M∗
)1/2(Hp
rp
)−5
α−1/4, (6)
where ∆gap is the gap depth. We adopted two cases for the planet
mass Mp (0.1 and 1 MJ) owing to the continuing accretion of
Jupiter after the gap opening. We also considered that the to-
tal disk mass was reduced over the course of 5 Myr. Numeri-
cal simulations of accreting planets in gaseous disks show that
the circumstellar disk is reduced to 60% of its unperturbed mass
by the time of the Jovian gap opening, and to only 5% when
the planet has reached its final mass of 1 MJ (D’Angelo 2010).
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Fig. 3: Surface density profiles of the solar protoplanetary disk.
The red profiles show the earliest gap-opening phase when
Mp = 0.1 MJ case at t = 1Myr when the disk has been reduced
to 60% of its initial mass. The blue profiles show the Mp = 1MJ
case where the remaining disk mass is 5% of the initial mass.
The black line plots the unperturbed disk surface density at t0
with a total mass of 0.02M. The orange dot indicates the radial
location of Jupiter.
We first considered a gap profile at the time of gap opening
t ∼ 1 Myr when Jupiter has reached 10% of its final mass, or
∼ 30 M⊕ (Dong & Fung 2017), and second, a gap profile for
when Jupiter approaches its final mass at t ∼ 5 Myr. The re-
sulting surface density profiles are shown in Fig. 3. Based on
an initial Hayashi MMSN mass of ∼ 0.02M, we adopted to-
tal protosolar disk masses of 0.012 M and 0.001 M for the
1 and 5 Myr stages, respectively (D’Angelo 2010). These val-
ues are in general agreement with the observed exponential de-
crease of the inner disk fraction with time e−t/τdisk with a disk
e-folding time τdisk = 2.5 Myr. This suggests gas disk masses of
0.67 and 0.13 of the initial mass at 1 and 5 Myr, respectively
(Mamajek 2009). Finally, because of the uncertainty in the vis-
cosity, we considered a range of possible PPD α viscosities from
10−5 − 10−3 (Shakura & Sunyaev 1973; Kanagawa et al. 2015;
Rafikov 2017). The resulting surface density profiles for all self-
consistent combinations of planet mass, disk mass, and disk vis-
cosity are plotted in Fig. 3, and they result in a variation of ap-
proximately six orders of magnitude in the intragap surface den-
sity.
Solar luminosity and temperature were selected from the
evolutionary tracks from the Grenoble stellar evolution code for
pre-main-sequence stars (Siess et al. 2000). For the Sun, we
adopted a 1 M star with metallicity Z = 0.02 at ages of 1 Myr
and 5 Myr to reflect the stages of gap opening and when the
mass of Jupiter reaches ∼ 1 MJ. We used the PHOENIX library
of stellar atmospheric spectra (Brott & Hauschildt 2005; Husser
et al. 2013). All parameters of the solar protoplanetary disk are
listed in Table 1.
2.2.2. Circumplanetary disk
Jovian CPD models can be roughly sorted into two categories.
The first is a CPD analogous to the MMSN that contains suf-
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Parameter Symbol Value
Stellar mass M∗ 1.0 M
Stellar luminosity L∗ 2.335, 0.7032 L
Effective temperature Teff 4278, 4245 K
UV luminosity LUV,∗ 0.01 L
X-ray luminosity LX 1030 erg s−1
Interstellar UV field χ 101 − 107
Disk mass Mdisk 0.012, 0.001 M
Disk inner radius Rin 0.1 au
Disk outer radius Rout 100 au
Minimum dust size amin 0.05 µm
Maximum dust size amax 3000 µm
Dust size power law p 3.5
Dust-to-gas ratio d/g 10−2
Dust composition:
Mg0.7Fe0.3SiO3 60 %
Amorphous carbon 15%
Vacuum 25%
Viscosity α 10−3, 10−4, 10−5
Table 1: ProDiMo model parameters for the solar protoplane-
tary disk at ages t = 1 Myr and 5 Myr. Stellar temperature and
luminosity are selected from the pre-main-sequence stellar evo-
lutionary tracks of Siess et al. (2000). Stellar UV and X-ray lu-
minosities are adopted from Woitke et al. (2016).
ficient solid matter to construct the Galilean satellites (Lunine
& Stevenson 1982; Mosqueira & Estrada 2003a; Moraes et al.
2018). Assuming a canonical dust-to-gas mass ratio of 0.01, the
resulting disk has a gas mass of Mdisk ≈ 2 × 10−5M. To prevent
rapid radial migration and loss of the satellites, the disk must be
highly inviscid with α ≤ 10−6 (Canup & Ward 2002). We refer to
this class of CPD as the "static" CPD. The second class of CPD
models considers an accretion disk fed by a continuous flow of
material from the surrounding circumstellar disk (Canup & Ward
2002; Alibert et al. 2005; Canup & Ward 2009). In this class, the
instantaneous mass of this CPD is a function of the mass-inflow
rate and disk viscosity, and it can be sufficiently low to become
optically thin. We therefore consider CPD masses in the range
10−5 − 10−9M (Canup & Ward 2006). We refer to this class of
CPD as the "accretion" CPD.
To determine the temperature structure and hence photoe-
vaporation rate of the accretion CPD, we considered the effects
of viscous heating through dissipation. ProDiMo includes the
parametrization for viscous heating of D’Alessio et al. (1998).
We specified the viscous heating rate with a mass accretion rate
M˙. We assumed that the gravitational energy released is con-
verted into heat. For a steady-state disk, the mass flux M˙ is con-
stant between all annuli. The half-column heating rate is
Fvis(r) =
3GMpM˙
8pir3
(1 −
√
rp/r) erg cm−2s−1, (7)
where G is the gravitational constant, Mp is the planetary mass,
r is the distance to the planet in cylindrical coordinates, and rp
is the planetary radius. We must make an assumption about how
heat is distributed within the column as a function of height z,
converted into heating rate per volume by the relation
Γvis(r, z) = Fvis(r)
ρP(r, z)∫
ρP(r, z′)dz′
erg cm−3s−1, (8)
Parameter Symbol Value
Planet mass Mp 1.0 MJ
Planetary luminosity Lp 10−5L
Effective temperature Teff,p 1000 K
UV luminosity LUV,p 0.01,0.1 Lp
Interstellar UV field χ 101 − 107
Background temperature Tback 70 K
Disk mass Mcpd 10−5 − 10−9M
Disk inner radius Rin,cpd 0.0015 au
Disk outer radius Rout,cpd 0.2 au
Column density power index βΣ 1.0
Maximum dust size amax 10, 3000 µm
Dust-to-gas ratio d/g 10−2, 10−3, 10−4
Flaring index β 1.15
Reference scale height H0.1au 0.01 au
Accretion rate M˙ 10−12 − 10−9M yr−1
Table 2: ProDiMo model parameters for models of the Jovian
circumplanetary disk. The ranges of CPD mass and accretion
rate are subdivided in steps of 10. Where not specified, the CPD
parameters are identical to those listed in Table 1.
where ρ is the volume density at radial position r and height z,
and P is a constant equal to 1.5 to avoid unphysical heating at
low volume densities. Accordingly, most of the dissipative heat-
ing occurs in the CPD midplane.
The CPD is also heated directly by the radiation of Jupiter.
The early luminosity of Jupiter spans five orders of magnitude
over 3 Myr (Marley et al. 2007). In our CPD model we consid-
ered the Jupiter luminosity Lp after the runaway-gas-accretion
phase when it briefly peaked at Lp > 10−3L and then declined
to ∼ 10−5L and below. The surface temperature of Jupiter was
likely 500-1000 K at this stage (Canup & Ward 2002; Spiegel
& Burrows 2012). For the Jovian SED we adopted the DRIFT-
PHOENIX model spectra for a body of t = 1000 K and surface
gravity 2.55×103 cm s−2 (Helling et al. 2008).
We followed the steady-state surface density formulation of
Canup & Ward (2002), which relates Σ ∝ M˙/α. Because we ex-
plored five orders of magnitude of CPD mass and three orders
of magnitude of mass accretion rate onto the CPD, each com-
bination of CPD surface density Σ and accretion rate M˙ corre-
sponds to a unique value of α. Hence we explored CPD α vis-
cosities from 2.5 × 10−6 − 2.5 × 10−1. Because the mechanism
that causes viscosity in the PPD and CPD may not be the same,
we considered that the two can have differing α-viscosities. The
case of the CPD with a mass of 10−9M and an accretion rate
of 10−9M yr−1 is thus rendered unphysical because α > 1 is
required.
In selecting a range of dust-to-gas ratios, we considered that
dust can either quickly coagulate into satellitesimals through the
streaming instability (Dra˛z˙kowska & Szulágyi 2018), or quickly
settle into the midplane and be viscously transported into the
planet on short timescales. In either case, the amount of material
stored in dust grains is rapidly depleted, therefore we considered
cases in which the dust-to-gas ratio is 10−2 − 10−4 . Parameters
for the static and accretion CPDs are listed in Table 2.
We considered five CPD steady-state masses in combination
with four CPD mass accretion rates for a total of 19 unique CPD
models. Furthermore, the five CPD mass models were varied in
their dust-to-gas ratio, maximum dust size, and planetary lumi-
nosity by the ranges listed in Table 2.
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2.3. Photoevaporative mass loss
Molecular hydrogen in the disk can be heated to T > 104 K by
EUV radiation, but only begins to drive mass loss for massive
stellar encounters of d  0.03 pc (Johnstone et al. 1998). FUV
photons penetrate below the ionization front and instead heat the
neutral hydrogen layer to ∼ 103 K (Johnstone et al. 1998). Where
the gas heating drives the sound speed of the gas cs above the
local escape velocity, the gas becomes unbound, launching a su-
personic outward flow of disk material. The radius beyond which
this occurs is the gravitational radius rg,
rg =
GMp
c2s
, (9)
where G is the gravitational constant, assuming the disk mass
Mdisk  Mp, and where the sound speed is defined as
cs =
√
γkBT
µmH
. (10)
Here γ is the adiabatic index, T is the gas temperature, kb is
the Boltzmann constant, µ is the mean molecular mass, and mH
is the mass of hydrogen. Because ProDiMo locally determines
the sound speed at all grid points, we conservatively estimated
the resulting mass outflow where cs exceeds the local escape ve-
locity of the Jovian CPD. At a semimajor axis of 5 au, a 1 MJ
planet orbiting a 1 M star has a Hill radius rH ≈ 0.34 au or
711 RJ. Gravitational interaction with the disk can act to perturb
the CPD gas and truncate the disk at ∼ 0.4 rH (Martin & Lubow
2011a), and the Jovian CPD may therefore not have had a radius
larger than ∼ 0.14 au or 290 RJ. For a surface layer of the gas
disk with a typical speed of sound cs ∼ 5 km s−1 , the associated
gravitational radius is 0.03 au. The CPD is thus said to exist in
the supercritical regime. The current semimajor axis of the out-
ermost Galilean satellite, Callisto, lies at 0.0126 au, or 0.42 rg.
Interestingly, given that gap opening may have occurred as early
as when Jupiter grew to Mp = 0.1 MJ, the associated rg lies be-
tween the present-day semimajor axes of Ganymede and Callisto
at a distance of 0.01 au from Jupiter.
The mass-loss rate per annulus in the CPD at r > rg can
be estimated M˙evap ≈ ρcsda , where ρ is the volume density of
gas at the base of the heated layer, and da is the surface area of
the annulus. The escape velocity is
√
2GMp/r. To determine the
mass-loss rate as a function of χ , we ran seven ProDiMo models
for each of the five considered CPD masses. Each successive
step in the model grid increased the background χ field by a
factor ten, covering the range 101 − 107. At every radial grid
point in the resulting ProDiMo disk models, we determined the
lowest height above the midplane z at which the escape criterion
was satisfied. The sound speed at the coordinate cs(r, z, χ) and
volume density ρ(r, z) were calculated to determine the mass loss
per unit area. The surface area of the corresponding annulus was
then multiplied by the area mass-loss rate to determine a total
evaporation rate per annulus, such that
M˙evap(r, χ(t)) = cs(r, z, χ(t))ρ(r, z)A(r) , (11)
where A(r) is the area of the annulus at radius r. The resulting
radial evaporation rate profile was log-interpolated between the
seven values of χ, such that any value within the range 101 − 107
could be considered. This is required because the FUV field to
which the cluster stars are exposed varies smoothly as a function
of time (see Sect. 3.1).
2.4. Accretion and viscous evolution of the CPD
In our model, mass accretion and viscous evolution of the CPD
will act to replace mass lost by photoevaporation. Following
from angular momentum considerations, it is believed that mat-
ter would accrete not evenly over the CPD surface, but concen-
trated near a centrifugal radius of ∼20 RJ (Machida et al. 2008).
In each global iteration of our CPD photoevaporation model, the
accreted material was distributed in steps radially outward from
the centrifugal radius until the steady-state surface density pro-
file was achieved or the accreted mass budget was exhausted.
How rapidly this material can be transported radially is set by
the viscous diffusion timescale τvisc . A viscously evolving α-
disk has a global viscous diffusion timescale
τvisc ≈
r2CPD
ν
=
r2CPD
αH2Ωk
, (12)
where ν is the kinematic viscosity and Ωk is the Keplerian angu-
lar frequency (Shakura & Sunyaev 1973; Canup & Ward 2009;
Armitage et al. 2019). For α = 10−2 − 10−5 and rCPD = 500 RJ,
we find τvisc ≈ 103 − 106 yr. The magnitude of CPD viscosity
is highly uncertain. An α on the order 10−3 − 10−2 allows for
Ganymede-sized moons to migrate inward under type I migra-
tion and establish the Laplace resonance (Peale & Lee 2002).
Simulations of turbulence induced by magnetorotational insta-
bility (MRI) in CPDs suggest values of α lower than 10−3 (Fujii
et al. 2014), but baroclinic instabilities have been suggested as
means to transport angular momentum in disks (Lyra & Klahr
2011).
While very high accretion rates of M˙ ∼ 10−8M yr−1
have been shown to be possible across a gap for a PPD with
α = 10−3 and H/r = 0.05 (Kley 1999), we also considered cases
more similar to the slow-inflow accretion disk scenario where
M˙ ∼ 10−11 − 10−10M yr−1 (Canup & Ward 2002), which is also
consistent with the accretion rate of the PDS 70b CPD candi-
date M˙ ∼ 10−10.8 − 10−10.3M yr−1 (Christiaens et al. 2019) and
the presence of volatiles in the Jovian CPD midplane (Canup &
Ward 2002). Hence we considered the range of accretion rates
listed in Table 2.
3. Results
We simulated the orbital evolution of 2500 stars in the stellar
cluster over 10 Myr. We derived incident intracluster radiation
field strengths for all of the cluster stars as a function of time.
To determine the penetration of this radiation to the CPD, the
optical depth and background temperature within the Jovian gap
were determined. The heating of the Jovian CPD by the Sun,
Jupiter, and intracluster radiation was determined by means of a
dust and gas radiation thermochemical model. The resulting gas
properties were used to simulate the photoevaporation and radia-
tive truncation of circumplanetary accretion disks as a function
of time.
3.1. Interstellar radiation field within the cluster
The 2500 stars within the cluster are found to be exposed to
a range of intensities of the intracluster radiation field from
G0 = 100 − 107, with a modal G0 = 3150+12500−2400 . In Fig. 4 the
temporal evolution of the distribution of intracluster FUV fluxes
incident on each cluster star over the 10 Myr of the simula-
tion is demonstrated. We find a distribution that largely agrees
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Fig. 4: Probability distribution of the intracluster radiation field
strength G0 at the position of each cluster star over time, nor-
malized to the maximum likelihood value at t = t0 + 1 Myr. The
distribution evolves over 10 Myr from t = t0 + 1 Myr (red) and
to t = t0 + 10 Myr (blue). The faded solid lines illustrate the
cumulative distributions. The vertical dashed lines indicate the
median value of each distribution. The green bar indicates the
Solar System constraint of 2000 ≤ G0 ≤ 104. Multiple initializa-
tions of the cluster have been averaged to minimize the Poisson
noise because the number of stars is small (Nstars = 2500).
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Fig. 5: Irradiation tracks of eight randomly sampled G-type stars
(identified by stellar mass 0.8-1.04 M) where the median back-
ground radiation field satisfies the criterion of 2000 ≤ G0 ≤ 104.
The green bar indicates the boundaries of this constraint. Inci-
dent FUV radiation field strength is measured on the ordinate in
units of G0. The time resolution is 1 kyr.
with the distribution suggested by Adams (2010), with a typical
G0 ∼ 2800 and a few systems experiencing prolonged intervals
of G0 > 104. In a snapshot at t = 0 Myr, only 12% of our cluster
stars experience G0 > 104, while at t = 10 Myr, this number is
reduced to 8%.
Over 10 Myr, dynamical friction segregates the cluster star
populations radially by mass and causes it to expand. As lower
mass stars are ejected from the cluster center where repeated
close (< 0.1 pc) encounters with the high mass (M > 25M)
stars of the cluster occur, we find that the median G0 field
strength experienced by the cluster stars is reduced from an
initial 2300 at t = 0 Myr (the red line in Fig. 4) to 1100 at
t = 10 Myr (the blue line). The modelG0 declines from an initial
2600 to 1030. The radial intensity of the radiation field at some
cluster radius rc can be described initially by G0(rc) = 0.07r−2.04c
with rc in parsec for rc > 0.05 pc. The fraction of time that a
given star spends irradiated by an FUV field F(G0) over the sim-
ulation time is found to be largely independent of G0 for values
of 100 − 102 because these stars are found in the outer reaches of
the cluster and their radial positions evolve slowly. For G0 > 102
, however, we find that F(G0) ∝ G−20 .
We traced the FUV field strength incident on G-type stars
(defined as those with mass 0.84 < M∗ < 1.15 M) over 10 Myr
to investigate the influence of stellar mass on the irradiation his-
tory of a system within the cluster. Adams (2010) described a
constraining range of G0 values necessary to explain the com-
pact architecture of the Solar System while ensuring that the
solar nebula can survive over 3-10 Myr (Adams 2010). A rep-
resentative sample of these tracks is shown in Fig. 5. While only
11% of the G-type stars strictly satisfy the criterion, in practice,
brief excursions outside the G0 range would be consistent with
the physical-chemical structure of the Solar System. For a looser
constraint that allows very brief (104 yr) periods of G0 > 104,
17% of the G-type stars satisfy the constraint, while 28% of the
median background radiation field of the G-type star falls within
the constraint. Periods of heavy irradiation (G0 > 104) char-
acteristically last 200-300 kyr as the stars pass rapidly through
the inner regions of the cluster. Incidents with higher irradiation
(G0 > 105, not depicted in Fig. 5) occur even more briefly on
timescales 50-100 kyr at most. Only ∼ 20% of the G-type stars
ever experience radiation fields in excess of 106, for which the
characteristic duration is ∼ 10 − 20 kyr. Half of the G-type stars
that undergo the G0 > 106 irradiation events are ejected from the
cluster before 10 Myr in three-body interactions with massive
stars.
3.2. Conditions within the Jovian gap
The radiation field intensity within the gap for each surface den-
sity profile was extracted and is shown in Fig. 6 for a reference
G0 = 3000. The ratio between the FUV radiation strength within
the gap and the intracluster FUV radiation can be read on the
right ordinate. The gap remains optically thick for cases with
t = 1 Myr and α = 10−3, 10−4 . In the scenario with t = 1 Myr
and α = 10−5 , the gap is marginally optically thin, but the in-
terstellar FUV is still extincted by a factor 6. The gap is highly
optically thin for all t = 5 Myr models, allowing > 99% of the
vertically incident intracluster FUV to penetrate to the PPD mid-
plane, and hence to the surface of the CPD.
We also analyzed the radiation field inside the gap in the
absence of the intracluster radiation field where the gap is il-
luminated only by the young Sun. We compared the solar radi-
ation penetrating to the PPD midplane in the six surface density
profiles of Fig.3. After 5 Myr, when Jupiter has grown to its fi-
nal mass and the gap profiles reach their maximum depth, we
find that the G0 field strength within the three gap profiles is
(LUV,∗/0.01L) × 103.51, 103.73, 103.84 respectively. Hence, when
LUV = 0.01L and ap = 5.2 au, we find that the young Sun still
contributes significantly to the intragap radiation field even in
the presence of an optically thick inner disk due to the scattering
of photons by the upper layers of the inner disk. For this adopted
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Fig. 6: Extracted energy distributions of the radiation field in the
MMSN midplane at the location of Jupiter for the six gap pro-
files illustrated in Fig. 3, for the case of G0 = 3000. The shaded
light blue region demarcates the FUV region of the spectrum. For
comparison, the black line represents the radiation field of the
unperturbed solar nebula at the midplane, and hence at the sur-
face of the CPD. The right ordinate indicates the ratio between
the external FUV radiation field originating from the cluster and
that found within the gap.
LUV,∗ the contribution of the young Sun to the FUV background
is greater than that of the intracluster radiation field for 82% of
stars in the cluster at 5 Myr. The cluster thus only becomes the
dominant source of FUV radiation for stars with this disk-gap
configuration if LUV,∗ < 2.6 × 10−3L.
For a nominal G0 = 3000 at t = 1 Myr, we find midplane gas
temperatures within the gap of 50-65 K for the α = 10−3, 10−4
, and 10−5 cases. In the t = 5 Myr scenarios where the Jovian
gap becomes optically thin and volume number densities ap-
proach 107 cm−3, the intragap gas temperature ranges between
96 − 320 K in the midplane due to X-ray Coulomb and photo-
electric heating for G0 = 3000. For the maximum G0 = 106 ,we
find a midplane gas temperature of 5000 K driven by polycyclic
aromatic hydrocarbon (PAH) heating. In all cases, efficient O i
line cooling leads to a torus of cooler gas of T < 100 K sus-
pended above and below the midplane. The cool torus extends
vertically and reaches the midplane for the t = 5 Myr, α = 10−5
case.
The primary source of gap-wall radiation that the CPD is ex-
posed to is thermal emission from the dust. The dust temperature
Tdust of the gap walls near the midplane at a radial optical depth
of 1 is calculated by ProDiMo 2D radiative transfer. This tem-
perature can be considered as the blackbody temperature of the
gap walls, and thus the "background temperature" of the CPD.
In all cases where the gap is optically thin, we find gap wall tem-
peratures ranging from 60-75 K. The gas and dust temperature
structure of the solar PPD for the case of G0 = 103, t = 5 Myr,
and α = 104 is described in Fig. A.1 in the appendix.The outer
gap wall is consistently 10 K warmer than the inner gap wall. We
find that the optically thick surfaces of the gap walls are largely
insensitive to increasing G0 for G0 up to 105, while for G0 = 106
, we find a general increase of 20 K for the inner and outer gap
walls.
3.3. Temperature structure and truncation of the CPD
We generated ProDiMo CPD models for intracluster FUV in-
tensities spaced logarithmically in the range G0 = 101 − 107.
We considered five CPD models of different masses (see Table
2). We exposed them to a range of G0 spanning seven orders
of magnitude. We determined mass-loss rates based on the gas
sound speed of the 35 resulting models. We interpolated over
our model grid to derive mass-loss rates for the CPDs exposed
to arbitrary values of G0 in the range G0 = 101 − 107. For all
modeled cluster ISRF cases we find CPD surface layers heated
to T > 103 K and associated regions at which the local sound
speed exceeds the escape velocity. The gas and dust tempera-
ture structure of the fiducial CPD are shown in Fig. A.2 in the
appendix. In the highly optically thin MCPD = 10−8 − 10−9M
cases, we find gas loss that directly occurs from the CPD mid-
plane. We considered a range of steady-state mass accretion rate
M˙ = 10−12 − 10−9M yr−1, and also the case of an exponential
decline and cutoff in the accretion rate.
Circumplanetary disks evolve to a truncated steady state on
a 103 yr timescale when mass loss through photoevaporation is
balanced with the mass accretion rate. As a consequence of the
orbital motion of the stars through the cluster, the CPDs in gen-
eral are maximally truncated on timescales < 105 yr. For a given
mass accretion rate, the instantaneous distribution of CPD trun-
cation radii is then determined by the radial distribution of stars
from the cluster center where FUV field strengths are highest.
We find only a weak dependence of CPD mass on steady-
state truncation radius, while the accretion rate is found to domi-
nate the resulting steady-state CPD radii. The results are plotted
in Fig. 7. For each sampled accretion rate, the scatter induced
by the CPD mass is bracketed by the shaded regions around the
solid line. We find that for low accretion rates (10−12M yr−1),
∼ 50% of the Jovian CPD analogs in our cluster are truncated
to radii within 30 RJ with a modal rtrunc = 27 RJ. For intermedi-
ate accretion rates (10−10M yr−1), 50% of the CPDs are trun-
cated to within 110 RJ with a modal rtrunc = 200 RJ. We find that
the truncation radius is proportional to the accretion rate M˙0.4.
The distribution of the truncation radius for stars that conform
to the solar system formation constraint of 2000 < G0 < 104 is
28.7+5.4−2.6RJ at t = 5 Myr for M˙ = 10
−12M yr−1.
The width of the truncation radius distributions in Fig. 7 is
largely induced by the distribution of G0 within the cluster, and
we find that their relation is fit by
rtrunc ≈ min{ 2 × 107
( M˙0.4
log10(G0)2
)
, rout } RJ (13)
for accretion rates 10−12 ≤ M˙ ≤ 10−9M yr−1 and FUV fields
101 ≤ G0 ≤ 107. We find the relation between the remaining
mass of the truncated CPD MCPD,trunc to be a fraction of its initial
steady-state mass MCPD,init , and the accretion rate M˙ is
(MCPD,trunc
MCPD,init
)
≈ 1 − MCPD,min
1 + exp [−1.87(log10(M˙) + 10.42)]
+ MCPD,min ,
(14)
where MCPD,min is the fraction of CPD mass that remains after
accretion drops significantly below 10−12 M yr−1, which in the
case of Jupiter, we find to be 8%. For the modal FUV radiation
field strength in the cluster, 15+6−6%, 34
+14
−12%, 69
+15
−18%, and 99
+1
−8%
of the initial steady-state mass of the CPDs thus remains for mass
accretion rates of M˙ = 10−12, 10−11, 10−10, and 10−9M yr−1,
respectively.
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Fig. 7: Distribution of steady-state truncation radii for the grid of
CPD models in the case of intracluster FUV irradiation at 5 Myr.
Each colored line represents the instantaneous distribution of the
outer radius of 2500 Jovian CPD analogs with a range of exter-
nal FUV radiation field strengths. The shaded region bracketing
each distribution indicates the standard deviation between the
different CPD mass models. The four colored circles indicate
the radial location of the Galilean satellites JI (Io), JII (Europa),
JIII (Ganymede), and JIV (Callisto). The vertical dashed black
lines indicate theoretical limits on the CPD outer radius based
on gravitational perturbations as fractions of the Hill radius.
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Fig. 8: Same as in Fig. 7, but now also including the effect of the
solar radiation.
3.4. Photoevaporation rates with alternative CPD and planet
parameters
Pressure bumps can act to filter and segregate dust-grain popu-
lations based on grain size (Rice et al. 2006; Zhu et al. 2012).
We also considered the case of a modified grain size distribu-
tion in the CPDs and how it changes the rate of mass loss to
photoevaporation. For the grain-filtered scenario, the maximum
dust grain size was set to 10 µm rather than 3 mm (Paardekooper
2007; Zhu et al. 2012; Bitsch et al. 2018). Because the mate-
rial supplying the CPD may thus be starved of large dust grains,
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Fig. 9: Radial photoevaporative mass loss in the CPD as a frac-
tion of the mass available in the respective annulus of the steady-
state surface density profile for a variety of modifications to the
fiducial CPD model (MCPD = 10−7M,G0 = 103). The red and
purple curves labeled "small grains" represent the case where
the maximum grain size is 10 µm. The orange, green, and pur-
ple curves represent the cases of varying dust-to-gas ratio. The
brown curve shows the case of additional planetary UV lumi-
nosity originating from accretion, ten times greater than in the
fiducial case of planetary UV luminosity. The horizontal dashed
black line represents the mass-loss rate at which an annulus
would be entirely depleted within one year. The colored circles
indicate the current semimajor axes of the Galilean satellites as
described in Fig. 7.
we also varied the dust-to-gas ratio. We considered disks of
d/g = 10−2, 10−3, and 10−4. The resulting radial mass-loss pro-
files are shown in Fig. 9. The fiducial CPD model we present is
the MCPD = 10−7M, with a background radiation fieldG0 = 103
and d/g = 10−2. A lower dust-to-gas ratio decreases the disk
opacity and pushes the FUV-heated envelope closer to the mid-
plane, where volume density and thus mass-loss rates are higher.
The radial mass loss M˙(r) is related to the dust-to-gas ratio d/g
as M˙(r) ∝ (d/g)0.56. The removal of larger (> 10 µm) grains con-
versely suppresses the photoevaporation as the mass previously
stored in the large grains is moved to the small grains where
the bulk of the opacity lies. In the combined case of both small
grains and a reduced dust-to-gas ratio, the radial mass-loss rate
of the fiducial case is closely reproduced, as is shown by the
agreement of the blue and purple curve in Fig. 9.
We also considered cases of increased planetary UV lumi-
nosity driven by the higher rates of mass accretion. For the case
of LUV,p = 10−4Lp , we find that the highly optically thick CPDs
of mass MCPD ≥ 10−6M are insensitive to the increased plan-
etary luminosity. The lower mass CPDs experience both an in-
crease in mass loss at radii within 200 RJ and mass loss in the
innermost radii (see the brown curve in Fig. 9). The minimum of
the truncation radius distribution is then pushed to lower radii.
While an arbitrarily massive CPD exposed to G0 > 103 is not
truncated inward of 20 RJ, increasing the planetary luminosity
up to 10−3 L can decrease the minimum truncation radius to
within 6 RJ, within the centrifugal radius at which mass is ex-
pected to accrete. We do not expect planetary luminosities this
high at the late stage of satellite formation, however.
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3.5. Photoevaporative clearing
We considered how rapidly photoevaporation can act to clear the
CPD. Disk-clearing timescales are of particular significance for
the fate of satellites undergoing gas-driven migration, with im-
plications for the final system architecture. Jovian planets that
are starved of accretion material, perhaps by the formation of
adjacent planets, may lose most of their mass through rapid pho-
toevaporative clearing (Mitchell & Stewart 2011). A rapid cutoff
of the accretion may occur when the gaps of Saturn and Jupiter
merge to form a single deeper gap, abruptly starving Jupiter of
material originating external to its own orbit (Sasaki et al. 2010).
We considered the CPD lifetimes in the context of such a rapid
accretion cutoff.
The maximum photoevaporative mass-loss rate occurs for
the 10−5M CPD when exposed to the maximum considered ra-
diation field G0 = 107. For a static nonaccreting 10−5M CPD,
we then find a minimum lifetime against photoevaporation of
5 × 104 yr. In practice, the CPDs are rarely exposed to radiation
fields greater than G0 = 105 for extended periods of time, with
a maximum exposure time of ∼ 105 yr (see Sect. 3.1). For the
most likely value of G0 ≈ 103 , we find a static CPD lifetime of
τdisk = 4 × 105 yr against intracluster photoevaporation. In the
case of the low-mass optically thin 10−9M CPD, we find a disk
lifetime against photoevaporation of only 25-300 years. The up-
per boundary corresponds here to the maximum possible initial
CPD outer radius and hence lowest background radiation field
strength observed in the cluster of G0 ∼ 101.
In the absence of photoevaporation, the CPD will dissipate
on its viscous diffusion timescale. In Fig. 10, we show which
regions of the CPD mass and accretion rate parameter space
allow for photoevaporation to be the dominant disk-clearing
mechanism. Viscous clearing primarily dominates for the high-
mass (≥ 10−8M) CPD models with higher mass accretion rates
(≥ 10−10.5M yr−1). Realistically, viscous evolution of the CPD
will act in tandem with photoevaporation, transporting material
to the more weakly bound regions of the CPD where photoevap-
oration is far more efficient (Mitchell & Stewart 2011).
4. Discussion
4.1. Relevance of photoevaporation for CPD size and lifetime
We have found that the size of a CPD is directly proportional
to the mass accretion rate onto the CPD and FUV radiation
field strength by Equation 13. The photoevaporation mass-loss
rate of the CPDs has been found to be sufficiently rapid to en-
able a clearing of the CPD in only < 103 yr for the low-mass
(< 10−7M) CPD cases. A truncated outer radius and a rapid
clearing of the CPD at the end of satellite formation has direct
implications for the architecture of late-forming satellite sys-
tems. Unless the accretion onto the CPD is abruptly reduced
to M˙  10−12M yr−1 from a previous steady accretion rate
M˙ ≥ 10−11, the Jovian CPD will most likely be truncated to
30 RJ at some stage during or prior to satellite formation.
We find that solar (intrasystem) FUV radiation can still con-
tribute significantly to CPD photoevaporation compared to the
cluster FUV field. In the case of the optically thin gap allowing
for full exposure of the CPD, we find that solar radiation places
a lower limit on disk truncation regardless of the position of the
system within the cluster, as illustrated in Fig. 8. For the purpose
of this figure, each star was assumed to have solar FUV lumi-
nosity, therefore it does not represent the distribution of trunca-
tion radii arising from the luminosity function of stars within the
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Fig. 10: Ratio of the viscous diffusion timescale τvisc over the
photoevaporative clearing timescales τevap for the grid of CPD
mass and accretion rate models. A value greater than 1 indicates
that photoevaporation clears the disk more rapidly than viscous
evolution. The black region indicates an unphysical corner of the
parameter space.
cluster, but rather the possible positions of the Sun within the
cluster.
However, we recommend a more sophisticated radiative
transfer model that includes the effects of anisotropic scattering
of light by dust grains to determine the effect of the CPD inclina-
tion on the efficiency of this solar irradiation. This method would
also be able to more accurately probe the radiation contribution
of the gap walls, which are heated by the Jovian luminosity.
4.2. Comparison with previous work
In their study of the Jovian CPD, Mitchell & Stewart (2011) con-
structed a 1D model that coupled viscous evolution, photoevap-
oration, and mass accretion for a range of fixed CPD envelope
temperatures. They found a distribution of Jovian CPD trunca-
tion radii ranging from 26-330 RJ with a mean value of ∼ 120RJ.
To reproduce the same mean truncation radius, our model re-
quires a slightly lower accretion rate of ∼ 10−10.4Myr−1 com-
pared to the M˙ ≈ 10−9.9M yr−1 considered by Mitchell & Stew-
art (2011), although this can likely be explained by different
choices of CPD surface envelope temperatures. Our truncation
radii are found to be tied only to the background radiation field
strength and the mass accretion rate, but not significantly to the
CPD mass and hence not to the viscosity. This is consistent with
the findings of Mitchell & Stewart (2011) that the α-viscosity
alone does not significantly alter the truncation radius.
Mitchell & Stewart (2011) also studied photoevaporative
CPD clearing timescales, finding evaporation times τevap of
102 − 104 yr, with the spread arising from the range of enve-
lope temperatures 100-3000 K. For our fiducial G0 = 3000,
we find a corresponding CPD surface envelope temperature of
1900 ± 100 K. For CPDs of similar viscosity and mass accretion
rate than they considered (α = 10−3, M˙ ≈ 10−9.9Myr−1), we
find τevap = 3×102 −103 yr, with the spread caused by the range
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of possible initial CPD outer radii. Our results thus appear to be
largely consistent for CPDs of similar surface temperatures.
4.3. Implications of photoevaporative truncation
In the case M˙ ≤ 10−12M yr−1 , we find that photoevaporative
truncation provides a natural explanation for the lack of massive
satellites outside the orbit of Callisto. The truncation of the CPD
would cause the satellite systems of ∼ 50% Jupiter-mass plan-
ets forming in star clusters of N ∼ 2500 to be limited in size
to 0.04-0.06 RH. The outermost extent of these Galilean ana-
log systems would follow the truncation distribution of the low-
accretion case in Fig. 7.
Circumplanetary disk truncation could also act to bias our
interpretation of unresolved continuum point-sources suspected
to be CPDs. In the optically thin case, fluxes are used to in-
fer CPD mass independent of the physical dimensions of the
CPD, while in the optically thick case, the inferred radius of the
CPD is proportional to the flux Fν and dust temperature Td by
r2CPD ∝ FνBν(Td)−1 (Pineda et al. 2019). Our results show that for
low accretion rates, CPD outer radii may be as small as 0.04 rH
rather than 0.3-0.5 rH (Quillen & Trilling 1998; Martin & Lubow
2011a; Ayliffe & Bate 2009; Shabram & Boley 2013). The dust
temperature of a CPD observed at a given flux might then be
overestimated by a factor 3-5, with direct implications for the
inferred luminosity of the planet.
We also placed limits on the strength of the intraclus-
ter radiation field G0 during the formation time of the
Galilean satellites for certain rates of mass accretion. If the
Galilean satellites formed late during a period of slow accre-
tion (M˙ ≤ 10−12M yr−1), we placed upper limits on the FUV
field strength G0 ≤ 103.1 that would still allow the satellites to
form at their present-day locations due to the correspondingly
small CPD truncation radius. The semimajor axis of the Saturn
moon Titan would need to be explained in this context as ei-
ther forming at a later stage in an epoch of lower G0 or forming
much closer in to Saturn initially and migrating outward as a re-
sult of tidal dissipation. A close-in formation scenario for Titan
has been proposed based on the spreading of tidal disks (Crida
& Charnoz 2012), and high tidal recession has been observed in
the Saturnian system, possibly necessitating a close-in formation
scenario (Remus et al. 2012; Lainey et al. 2017; Gomez Casajus
et al. 2019). With our model applied to a Saturn-mass planet,
we find that the inner mean truncation radius corresponding to
M˙ = 10−12M yr−1 shrinks to ∼ 8.3 RS. If Titan formed within
this radius, it would necessitate a migration of at least 12.7 RS to
approach its current position. With the resonant-locking mecha-
nism, Fuller et al. (2016) suggested a tidal migration timescale
defined as a/a˙ for Titan of ∼2 Gyr. If we were to naively assume
a fixed tidal migration timescale this might suggest a change in
semimajor axis of δaTitan ≈ 13.5 RS over 4.5 Gyr for a final
aTitan ∼ 19.5 RS for an initial aTitan = 6 RS . This is near the
current semimajor axis of 20.27 RS. We thus find that the pho-
toevaporative truncation of the Saturn CPD is consistent with a
close-in formation scenario for Titan and its subsequent outward
migration.
4.4. Photoevaporative stranding of Callisto
Rapid clearing of the gas in CPDs could function to prevent the
inward migration of satellites already present in the CPD. The
inward migration of resonant chains of planets has been sug-
gested as a mechanism to explain compact resonant exoplanet
systems such as TRAPPIST-1 (Ormel et al. 2017; Izidoro et al.
2017; Tamayo et al. 2017). It appears to be a general outcome
of planet formation models around low-mass stars that super-
Earths migrate inward and form compact systems of resonant
chains (Terquem & Papaloizou 2007; Raymond et al. 2008; Mc-
Neil & Nelson 2010; Liu et al. 2015), although in situ formation
is possible (MacDonald & Dawson 2018).
Callisto is noteworthy in that it does not lie within the
Laplace resonance of the inner three Galileans. Previous mech-
anisms proposed to explain why Callisto is excluded from the
resonance have included its insufficiently rapid inward orbital
migration (Peale & Lee 2002; Canup & Ward 2002), perturba-
tion out of an initial resonance by dynamical encounters between
Jupiter and other planets (Deienno et al. 2014), or scattering by
close encounters with Ganymede (Shibaike et al. 2019). While
the satellites may also have evolved away from their initial po-
sitions by secular processes into their current positions (Yoder
1979; Fuller et al. 2016; Lari et al. 2019), a primordial forma-
tion of the current configuration by differential orbital migration
and tidal dissipation is also possible (Peale & Lee 2002).
The observed paucity of intact compact resonant chains in
exoplanetary systems suggests that these systems undergo an
instability to break the resonant configurations (Goldreich &
Schlichting 2014; Izidoro et al. 2017). The instabilities may be
caused by the dissipation of the gas disk in which the planets mi-
grated (Ogihara & Ida 2009; Cossou et al. 2014). The Galilean
Laplace resonance would need to have remained stable during
the CPD gas-disk dispersal phase. Resonant chains with the low-
est number of planets in the chain and lowest planet masses are
the most stable (Izidoro et al. 2019; Matsumoto et al. 2012).
When we assume that the Galilean satellites migrated pri-
mordially into the 4:2:1 mean motion resonance by gas-driven
inward migration and retained the Laplace resonance during dis-
persal of the gas, the question arises whether a rapid photoevap-
orative truncation of the CPD might have stranded Callisto by
preventing further migration to complete the chain, even for a
high-mass CPD. We first investigated the relative timescales of
the photoevaporative disk clearing and of the orbital migration.
We considered the case of the Laplace resonance being primor-
dial (coeval with the formation of the satellites themselves), and
that the resonance survived the dispersal of the gas disk. Ad-
ditionally, we focused in detail on the case of an abruptly ter-
minated mass inflow rather than a slow tailing-off of the mass
accretion rate.
Type I migration is most efficient when the gas disk density
is high at small orbital radii and short orbital periods. In planet
formation models, efficient type I migration causes ‘fast’ migra-
tion, which can result in scattering and collisions that leave be-
tween four to six planets in mean motion resonances both before
and after the gas disk dissipates (Ogihara & Ida 2009). Superfi-
cially, this scenario corresponds to the final configuration of the
Galilean satellites. Slower migration results in very efficient res-
onant capture and the formation of long chains that are broken
only when the gas disk dissipates and the effects of eccentricity
damping from tidal interaction no longer plays a role (Ogihara
& Ida 2009). We considered that owing to the compact nature
of the CPD and the very high (> 105 g cm−2) surface densities,
type I migration may be highly efficient in the Jovian CPD, such
that the fast migration scenario is more likely. If MRI-induced
turbulence in the disk is limited to the CPD upper layers, the
protosatellites may have orbited within a dead-zone dominated
by laminar flow. In this case, the type I migration timescale of
a satellite is described by the ratio of the orbital angular mo-
mentum Js and the total disk-exerted torque Γtot of the object.
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Fig. 11: Final semimajor axis of Callisto afinal in our migration and photoevaporation model for the case of MCPD = 10−6.3 (top
left), 10−6.4 (top right), 10−6.5 (bottom left), and 10−6.6M (bottom right). The initial radius of the CPD is on the ordinate, and initial
location of Callisto is on the abscissa. The region of excluded parameter space where Callisto already lies beyond the outer edge of
the CPD and where Callisto enters the resonance is filled with gray stripes. The dotted black lines demarcate the interval where the
final position of Callisto falls within 5% of its present-day position, afinal = aJIV.
To semianalytically determine the satellite migration timescales,
we adopted the relations of Kley & Nelson (2012), where the
migration timescale τmig is
τmig =
1
2
Js
Γtot
, (15)
with the orbital angular momentum defined as
Js = ms
√
GM∗as . (16)
Here ms and as are the satellite mass and semimajor axis. The
total torque is then
Γtot = −(1.36 + 0.6βΣ + 0.43βT )Γ0 , (17)
where βT and βΣ are the power-law exponents of the temperature
and surface density profiles, respectively, and the torque normal-
ization is
Γ0 =
m2s
Mp
H
rs
−2
Σsr4sΩ
2
s . (18)
Here Mp is the planet mass, rs and Ωs are the satellite orbital
radius and orbital angular frequency, H/r is the ratio between
the disk scale height at some radius r and r, and Σs is the sur-
face density at the orbital radius of the satellite. We extracted
the calculated temperature profile and the parameterized surface
density and scale height profiles from our ProDiMo models to
calculate migration timescales for all radii and arbitrary satel-
lite masses. We then compared the possible migration paths of
Callisto with the disk-clearing timescales determined from our
photoevaporation model.
For the initial conditions, we sampled from a range of semi-
major axes for Callisto and a CPD outer edge from 26-500 RJ.
We then calculated the inward motion of Callisto through the
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type I migration rate with the Σ and βT parameters extracted
from our ProDiMo photoevaporation CPD model output. βΣ and
H(r) are parameterized inputs. We neglected gravitational inter-
action between satellites, nongravitational effects such as aero-
dynamic drag, and the possibility of type II migration. The rate
of photoevaporative shrinking of the CPD was calculated from
our truncation model, where we exponentially decayed the mass
accretion rate on a short 103 yr timescale and allowed photoe-
vaporation to evolve the CPD away from its steady-state surface
density profile. We traced both the position of Callisto and the
CPD outer radius simultaneously as a function of time. We de-
termined whether the outer edge of the CPD moves inward past
Callisto as it migrated (in which case it is stranded), or whether
it would be able to migrate into the resonant chain.
It is evident that for a migrating Callisto to be stranded by a
rapidly dispersing disk, its migration timescale τmig at some ra-
dius r must be longer than the disk-clearing timescale τevap at that
radius. While the type I migration accelerates as Callisto moves
into the denser regions of the CPD and increases its orbital fre-
quency, photoevaporation slows as the gas at the shrinking outer
radius becomes more gravitationally bound. This means that for
each CPD model, a critical radius exists inside of which Callisto
can no longer be stranded by photoevaporation. We first consid-
ered the mass of proto-Callisto as a free parameter. A CPD of
mass 10−5M results in a type I migration timescale so rapid
that even a low-mass proto-Callisto (MJIV = 0.01 Mfinal) cannot
be caught by disk photoevaporation at its present-day location.
In the case of the 10−6M CPD, we find that the proto-Callisto
could only have accreted < 10% of its final mass in order to be
caught by photoevaporative disk dispersal, but is highly unlikely
to be placed at 26 RJ for any considered initial conditions. This
scenario would require Callisto to accrete > 90% of its mass af-
ter the dispersal of the gas-disk. We consider this scenario not
plausible.
When we instead consider a scenario in which Callisto has
acquired a minimum of 90% of its final mass prior to the CPD
dissipating, we can constrain the CPD masses that allow for Cal-
listo to be deposed at its current orbital location. The final po-
sition of Callisto as a function of its initial position and CPD
outer radius for the cases MCPD = 10−6.3 − 10−6.6M is plotted in
Fig. 11. We find that Callisto can be left stranded at its current
position for MCPD < 10−6.2M. Above this mass limit, Callisto
migrates inward too rapidly and cannot be stranded. The CPD
mass that produces the largest region in the initial condition pa-
rameter space to reproduce the exact current position of Callisto
is MCPD = 10−6.6M (Fig. 11 lower right panel). In this case, Cal-
listo is required to have achieved 90% of its final mass between
26.5 and 30.8 RJ and could have migrated at most ∼5 RJ inward.
For CPDs with mass below 10−7M CPD, the photoevaporation
timescale is much shorter than the migration timescale, such that
Callisto must have achieved its final mass very near its present-
day location.
It is possible to push the initial position of Callisto out to
40 RJ for a CPD with mass 10−6.2M. However, the resulting
combination of the initial position of Callisto and the outer ra-
dius of the CPD that places Callisto near 26 RJ becomes highly
constrained (less than 0.1% of the uniformly sampled initial con-
dition space) and it is far more likely to enter the resonance.
Figure 11 illustrates that Callisto can be placed at its current
position for any possible CPD initial outer radius within the
considered range, while the range of initial Callisto positions
is more tightly constrained. Thus far, we have only considered
the case of an abrupt exponential decline in mass accretion over
∼ 103 yr. Scenarios wherein the CPD steadily declines in both
mass and steady-state truncation radius as accretion slows over
several 104 − 105 years allow for Callisto to have grown to its
final mass at larger separations and still been captured at 26 RJ,
but the steady-state truncation radius for 99% of our CPDs with
M˙ < 10−12M yr−1 is smaller than 215 RJ, and in 50% of cases
it is smaller than 35 RJ, placing an upper boundary on the ini-
tial position of Callisto. We therefore consider it unlikely that
Callisto formed farther out than 40 RJ.
The undifferentiated internal structure of Callisto sets a con-
straint on its accretion timescale of > 105 yr (Anderson et al.
1997; Anderson et al. 2001; Mosqueira & Estrada 2003a,b).
We note that the minimum accretion rate we considered is able
to supply enough mass to the CPD to build Callisto within
5 × 104 years in the case of perfect accretion efficiency. Depend-
ing on the background FUV field strength, we find that a CPD
with an accretion rate M˙ = 5 × 10−13M yr−1 (slow enough to
form Callisto without melting it) is likely to have a truncation
radius within the present-day orbit of Callisto for G0 = 3000.
The photoevaporative stranding of Callisto can still be consistent
with its internal structure for FUV field strengths of G0 / 103.1.
5. Conclusions
We have investigated the radiation field to which the CPD of
Jupiter may have been exposed during the formation of the
Galilean satellites. Our key findings can be summarized as fol-
lows:
1. Jupiter analogs open gaps that are sufficiently deep to ex-
pose their CPDs to interstellar FUV radiation for PPD α-
viscosities of 10−5 − 10−3. The radiation field of a solar birth
cluster analog is sufficient to photoevaporatively truncate a
Jovian CPD independent of the steady-state mass of this
CPD.
2. For accretion rates M˙ = 10−12M yr−1 , a Jovian CPD
can become truncated to within the current orbit of Callisto
(∼ 0.04 rH) for 50% of the cluster stars, explaining the lack
of regular satellites beyond the orbit of Callisto. The mean
truncation radius found in our ensemble of cluster stars is
proportional to the CPD accretion rate by rtrunc ∝ M˙0.4.
3. We find that rapid external photoevaporation of the Jovian
CPD following the end of accretion can act to stop the inward
gas-driven migration of Callisto and prevent it from piling up
into the mean-motion resonance of the inner three Galilean
satellites. The mass of the CPD in this scenario would be
constrained to ≤ 10−6.2M, and Callisto must have achieved
at least 90% of its final mass at a semimajor axis between
27-40 RJ.
4. We place an upper limit on the strength of the background
FUV radiation field G0 ≤ 103.1 during the formation stage of
Callisto.
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Appendix A: Disk model temperature and density
(a) Gas temperature of the solar protoplanetary disk.
(b) Dust temperature of the solar protoplanetary disk.
(c) Gas density of the solar protoplanetary disk.
Fig. A.1: Temperature and density structure of the solar PPD
ProDiMo model for t = 5 Myr, α = 10−4. The dashed blue lines
trace surfaces with a visual extinction AV = 1, 10, defined by
the minimum of either the vertical or radial extinction at a given
point. The blue dot indicates the radial location of Jupiter.
(a) Gas temperature of the CPD.
(b) Dust tepmerature of the CPD.
(c) Gas density of the CPD.
Fig. A.2: Temperature and density structures of the Jovian CPD
ProDiMo model of M = 10−8 M and M˙ = 10−11 M yr−1. The
dashed blue lines trace surfaces with a visual extinction AV = 1
and 10, defined as the minimum of either the vertical or radial
extinction at a given point. The scatter points indicate the radial
location of the Galilean satellites (from left to right: Io, Europa,
Ganymede, and Callisto).
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